Individual tree species mapping is important to understand forest dynamics and species distribution patterns. Airborne LiDAR with hyperspectral imaging has been extensively used to extract biophysical traits of vegetation and detect species. However, its application for individual tree mapping is limited due to technical problems. To address the problems, this paper presents effective and efficient algorithms in terms of tackling co-alingment of LiDAR and hyperspectral datasets, classifying individual trees, thus detecting tree species and leaf chemistry from the tree mapping.
INTRODUCTION
Individual tree species mapping can provide a systematic tool for monitoring tree species distribution, patterns of disease spread, and deforestation [1] . Species mapping requires a large amount of time and effort in conventional ecological survey methods, which generally rely on small plot-level datasets. Light Detection And Ranging (LiDAR) and hyperspectral imaging provide detailed geometrical and optical structures of forest needed for precise mapping of individual tree species at large scale. LiDAR emits laser purses to the ground, thus measuring the geometrical structures of the surface. Hyperspectral imagery records reflected light from the surface within a set of narrow spectral bands thus informing radiometric properties. Multi-sensor approaches combining hyperspectral imagery and LiDAR have been used to successfully map individual tree species in savanna [2] , monitor invasive species [3] and find linkages between spectral properties and leaf chemistry [4] .
Despite the successful ecological applications of multisensor approaches in tropical forest, their application for individual tree mapping remains difficult for a number of reasons. For example, co-alignment of LiDAR and hyperspectral imagery is technically difficult as the boresight processing system and spatial resolution of LiDAR are more precise than This work was supported by the natural and environmental research council of the United Kingdom (NERC) under the project EU11/03/100 and Isaac Newton trust, University of Cambridge.
those of hyperspectral sensor causing mismatches between data. In other words, the co-alignment between LiDAR and hyperspectral imagery must be explicitly accomplished by the correction with ground control points.
In addition, delineating individual trees from co-aligned data itself is very challenging. Although there are many tree delineation algorithms, such as moving windows [5] and watershed [6] , these methods are dependent on interpolation of LiDAR first returns. The uncertainty caused by interpolation induced artefacts results in dropping sub-canopy or small trees and inaccurate forest parameter derivation. Point clouds based methods (e.g. recursive graphcut [7] , adaptive clustering [8] ) have been suggested recently. However their applications on forest analysis are still limited because of computational complexity and accessibility. This paper develops a generic work flow to find individual tree species and leaf chemistry from LiDAR and hyperspectral sensors. It includes image registration scheme to ensure co-alignment between hyperspectral imagery and Li-DAR; A novel point clouds based individual tree segmentation is included to avoid interpolation related problems and derive more accurate forest parameters in terms of tree volumes and tree heights; Spectral analysis with support vector machine (SVM) and spectral indices are also covered to extract species and leaf chemistry information. Fig. 3 . Results of tree delineation. Row one: Scatter plots of individual tree crowns; Row two: 3D shapes of individual tree crowns generated by convex hull.
METHOD
This chapter will explain LiDAR and hyperspectral imagery processing scheme. Fig. 1 shows the processing flow chart for LiDAR and hyperspectral imagery. The hyperspectral data was atmospherically and bi-directional distributional factor (BRDF) corrected by ATCOR-4 (ReSe, Switzerland). Registration step ensures the co-alignment between LiDAR and hyperspectral imagery therefore making this processing scheme more generic. Tree delineation was achieved by either Li-DAR only or with hyperspectral imagery. Spectral indices and SVM were used to define species and biophysical properties of individual tree crowns.
Study Area
The Los Alcornocales Natural Park is located in the southern Spain, closes to Gibraltar. This area includes the most extensive Quercus suber (Cork oak) forest in the Mediterranean region. Other common species is Quercus canariensis (Algerian oak). Annual precipitation ranges from 1210 mm in the mountainous regions to 665 mm in the lowlands. The mean air temperature of the research area is 16-18
• C. The mountainous regions tend to have more precipitation because of the topographical lift and the moistures provided from prevailing winds from Southeast. Airborne surveying was conducted the Los Alcornocales Natural Park on 10 
Registration
Co-alignment of LiDAR and hyperspectral imagery is a requirement for individual tree mapping. It can be achieved by ground control points or registration algorithms. We adopted the NGF-Curv registration method to ensure co-alignment between LiDAR and hyperspectral imagery [9] . Let R and T be the LiDAR intensity image and grey value image obtained from hyperspectral imagery, respectively, modeled as functions defined on a finite 2D grid Ω and mapping a point x on the grid to a real intensity value R(x) and T (x), respectively. The objective of image registration is to find an optimal transformation mapping u : Ω → Ω, thus co-aligning hyperspectral image onto LiDAR, which has more accurate spatial resolution. The generic variational formulation of image registration problem consists of a similarity term D and a regularisation term S minimising u:
where α is the regularisation parameter. The similarity term D used is defined by
which is the so called NGF distance measure, where η > 0 is an edge parameter which represents the level of the noise in images. To impose smoothness features on u, we use the curvature in the regularisation term S, i.e.
For the details please refer to [9] and references therein. 
Tree delineation
Tree delineation was performed by a modified version of the normalised graphcut method, which is constrained by prior knowledge [10] . Let G be a graph containing a set of pairs, G = (ν, ), where ν is the set of vertices and is the set of edges. Each edge w(ν i , ν j ) ∈ is corresponding to the non-negative similarity weight between two vertices. Then, a graph was built on the LiDAR point clouds. The similarity weights depend on Euclidean distances between the LiDAR points and their intensity values as well as the reflectance values from hyperspectral imagery. Let W be a N × N symmetric matrix with W (i, j) = w ij , D be a N × N diagonal matrix with diagonal entries d i = j w ij , 1 be a N × 1 allones vector, I be a C × C identity matrix and X be a N × C matrix, where C is the number of clusters. The normalised cut is defined as:
where tr(·) is the trace of a matrix. It is not straightforward how to incorporate prior knowledge in normalised graphcut. In our modified scheme prior information is regarded as an additional constraint in the normalised graphcut approach. It minimises normalised cut energy as well as maximises the correlation with a prior. The correlation term diag(X T S) = κdiag(I) incorporates a prior matrix S, which consists of the local maxima of the canopy surface and their neighbour points, and a correlation coefficient κ. The new modified normalised graphcut can be written as:
Individual tree mapping
Spectral analysis was performed by SVM classifier and vegetation analysis built-in functions in ENVI 5.0 (EXELIS, United States). As Quercus canariensis and Quercus suber are clearly visible in hyperspetral data, manual selection of a small sample of these two species were used to train. However, both species discrimination and vegetation indices may be significantly influenced by illumination conditions. Ray tracing algorithm onto LiDAR 3D surface was simulated with solar azimuth and elevation of the time data was captured, then we selected sunlit pixels over 70% illumination. The SVM and vegetation analysis was applied after illumination filtering. 
RESULTS
Registration step ensured the co-alignment between LiDAR and hyperspectral imagery. High intensity differences observed in the third image of Fig. 2 were clearly disappeared after registration (see the right image of Fig. 2 ). Graphcut method with local maxima constraints as prior information successfully delineated individual tree crowns from raw LiDAR datasets, see Fig. 3 . As graphcut method does not rely on any interpolation methods, more accurate forest parameters, such as tree volumes and tree heights, can be derived directly from LiDAR points. For example, convex hulls can be used to derive canopy volume directly from LiDAR point clouds, see row two in Fig. 3 . SVM classifier with manually generated training datasets provided acceptable species mapping across the survey area (Fig. 4) . As species detection and spectral indices were computed at individual tree levels, leaf chemistry can be estimated and compared with environmental variables. This paper gives an example of photochemical reflectance index (PRI) variation along an altitudinal gradient (see Fig. 5 ). PRI was designed to estimate the ratio between two different states of xanthophyll pigments, which is linked to photosynthetic efficiency. Quadratic linear model R-squared values are 0.21 and 0.16 for Q. canariensis and Q. suber, respectively. The model showed that as elevation decreases, photosynthetic efficiency tends to increase in both species.
